in igneous rocks were assayed with fused lithium borate glass beads using X-ray fluorescence spectrometry. Low dilution glass beads, which had a 1:1 sample-to-flux ratio, were prepared for determination of rare earth elements. Complete vitrification of 1:1 mixture required heating twice at 1200˚C with agitation. Extra pure reagents containing determinants were used for calibrating standards instead of the rock standard. The calibration curves of the 23 elements showed good linearity. Furthermore, the lower limits of detection corresponding to three times the standard deviation for blank measurements were 26 mass ppm for Na2O, 6.7 for MgO, 4.5 for Al2O3, 4.5 for SiO2, 18 for P2O5, 1.1 for K2O, 4.0 for CaO, 3.9 for TiO2, 1.6 for MnO, 0.8 for Fe2O3, 0.5 for Rb, 0.2 for Sr, 0.4 for Y, 0.5 for Zr, 3.3 for La, 6.5 for Ce, 2.7 for Pr, 2.1 for Nd, 1.7 for Sm, 0.7 for Gd, 2.7 for Dy, 0.5 for Th, and 0.6 for U. Using the present method, we determined the contents of these 23 elements in four rhyolitic and granitic rocks from Japan.
Introduction
The elemental composition of igneous rocks contains essential information for petrographical and geological discussions. The contents of major and trace elements in rocks have been analyzed using wet analysis methods, such as gravimetric and volumetric analysis, and instrumental analysis methods: X-ray fluorescence spectrometry (XRF), instrumental neutron activation analysis (INAA), electron probe micro analysis (EPMA), atomic absorption spectrometry (AAS), inductively coupled plasma atomic emission spectrometry (ICP-AES), and inductively coupled plasma mass spectrometry (ICP-MS).
Instrumental neutron activation analysis 1 has high sensitivity for trace elements in rocks. However, INAA is not practical because of the necessity for a nuclear reactor. Electron probe micro analysis 2 gives excellent results for major components in microscopic areas of minerals in rock samples. Notwithstanding, electron probe micro analysis is unsuitable for obtaining mean values of concentration for determinants because the analytical volume is extremely small. Trace elements in rocks have often been determined using AAS, 3 ICP-AES and ICP-MS. 4 These methods are extremely sensitive, but require tedious pretreatment, including decomposition with acid; for that reason, analyses of numerous rock samples are difficult by these methods. Moreover, the extreme dilution required for analysis of major components causes accidental contamination and the uncertainty of analyses.
X-ray fluorescence spectrometry is a rapid and convenient method for nondestructive and multi-elemental analysis. Usually, L spectra have been used for the analytical line for analysis of heavy elements, such as rare earth elements, Th and U, instead of the most intense K spectra, because their excitation energy is higher than that of primary X-rays. Determination of heavy elements has, thereby, less sensitivity. These elements are not appreciably analyzed by conventional XRF. In particular, heavy elements in natural rock samples have rarely been determined. X-ray fluorescence spectrometry using major and trace elements in rocks is undertaken with pressed powder pellets and fused glass beads. Pressed powder pellets 5, 6 can be prepared simply; preparation of calibrating standard pellets is very difficult because of their relatively low homogeneity.
Fused glass beads are prepared by mixing a powdered sample and an alkali flux, and fusing to vitrification. These glass beads, because they have good homogeneity, gave accurate and reproducible results. This technique is well suited for accurate determination of major and trace elements in silicate rocks; for that reason, calibrating standards are made from chemical reagents that are mixed and fused with alkali flux. Sensitivities might be improved if the sample-to-flux ratio (dilution ratio) were lowered, but doing so increases the sample amount. In practice, however, this low dilution method engenders numerous problems: unfused specimens may remain, a melt may be immiscible, or a glass bead may not be torn from its platinum crucible. Dilution ratio 1:10 glass beads 7 are used conventionally for determination of major elements. Low dilution glass beads have been applied to analysis of trace elements. The dilution ratios are 1:6, 3 1:5, 8-10 and 1:2. [11] [12] [13] [14] [15] [16] Calibration curves for determination of major and trace elements in rocks have been produced from reference standards that mark the values of elemental composition. Use of reference standards is inadequate for quantitation unless the following prerequisites are satisfied: these standards must be similar in composition to samples, these standards must have certified values, and these standards must be prescribed for employing calibrating standards. Further, a sufficient number of reference standards must be collected to obtain reliable calibration curves.
The present paper describes a method for improving the sensitivity of analysis for rare earth elements, Th, and U using glass beads prepared with a low dilution ratio. Discussion will be extended to (1) preparation of 1:1 and 1:2 glass beads, (2) heating loss of glass beads, (3) preparation of a calibrating standard, and (4) reliability of calibration curves. Background subtraction will also be discussed. The proposed method is then applied for determination of rare earth elements, Th, and U in several silicic igneous rocks.
Experimental

Apparatus
An X-ray fluorescence spectrometer (Rix 3100; Rigaku Corp.) was used with an end-window 4 kW Rh X-ray tube operated at 50 kV and 80 mA. Detectors were a scintillation counter and a gas flow proportional counter in which PR gas (Ar 90% + CH4 10%) flowed at 50 cm 3 min -1 . Table 1 lists all instrumental parameters.
Another X-ray fluorescence spectrometer (ZSX 100e; Rigaku Corp.) was used for elemental mapping of low dilution glass beads to confirm the homogeneities of the determinants in the glass beads. The mapping conditions were 137 points (1 mmφ) in 30 mmφ of the scanning area.
A sonic cleaning device (B-1200; Branson Ultrasonics Corp.) was used to clean the rocks. The combination of a centrifugaltype ball mill (P-6; Fritsch GmbH) with an agate bowl (225 ml) and balls was used for pulverization after smashing the rocks with a hammer. A portable electric furnace (AMF-10; Asahi Rika Co. Ltd.) was used for drying of reagents and samples. A variable-volume micropipette (Pipetman P-100; Gilson Inc.) was used for adding the Th and U solution. A high-frequency electromagnetic induction heating and fusing machine (Bead Sampler NT-2000; Nippon Thermonics) was used for glass bead preparation. A platinum crucible (CS-2 type, Pt 95%-Au 5%) was used for making glass beads from a mixture of powdered rock and alkali flux.
Reagents
Anhydrous lithium tetraborate (Li2B4O7 Spectromelt A10; Merck and Co., Inc.) was used as an alkali flux to produce glass beads. All reagents (guaranteed grade or its equivalent), i.e., Na2CO3 for Na2O, MgO, Al2O3, SiO2, Na4P2O7 for Na2O and P2O5, KCl for K2O, CaCO3 for CaO, TiO2, MnO2 for MnO, Fe2O3, RbCl for Rb, SrCO3 for Sr, Y2O3 for Y, ZrCl2O·8H2O for Zr, La2O3 for La, CeO2 for Ce, Pr6O11 for Pr, Nd2O3 for Nd, Sm2O3 for Sm, Gd2O3 for Gd, Dy2O3 for Dy, Th(NO3)4 for Th, and U3O8 for U, were used for preparation of calibrating standards. Lithium chloride was used as an exfoliation agent for 1:1 glass beads. Table 2 lists drying conditions of all chemicals.
Glass beads of 1:10 -1:100 ratios of chemicals and flux, which are called "dilute glass beads", were used for adding Mg, P, Ca, Ti, Mn, Fe, Rb, Sr, Y, Zr, and rare earth elements to calibrating standards which should weigh less than 10 mg. The solutions containing Th (0.41 and 2.04 µg µl -1 ) and U (0.18 and 0.86 µg µl -1 ) were pipetted into the mixture of 10 major and 4 minor components, and flux to prepare the calibrating mixture of Th and U with a micropipette.
Rock samples
Rock samples were four igneous rocks sampled at Kobukazawa rhyolite from Nagano, Japan (KBK020427), Inada granite from Ibaraki, Japan (IND030305), Makabe granite from Ibaraki, Japan (MKB030305), and Amabiki weathered granite from Ibaraki, Japan (AMB030305). About 100 g of rock samples (rhyolite and two granites) were smashed with a 816 ANALYTICAL SCIENCES JULY 2005, VOL. 21 hammer and then pulverized with a centrifugal ball mill and dried at 600˚C for 1 h in an electric furnace. Non-essential materials were removed from about 100 g of grainy rock (weathered granite) by hand; then this rock was pulverized with a ball mill and dried at 600˚C for 1 h. The improved analytical method was validated through analysis of three rock reference samples: JG-1a (granodiolite), JR-2 (rhyolite), and JR-3 (rhyolite) issued by the Geological Survey of Japan.
Glass beads 1:10 glass beads.
The mixture for 4.0 g of anhydrous lithium tetraborate and 0.40 g of powdered specimen was preheated at 800˚C for 120 s and heated at 1200˚C for 120 s in a Pt crucible using a high-frequency electromagnetic induction heating and fusing machine. The resulting melt of the mixture was heated again with agitation at 1200˚C for 120 s. The melt was cooled with a hair drier; then each glass bead was wrapped in paraffin paper and kept in a desiccator. 1:5 glass beads. The mixture for 3.5 g of anhydrous lithium tetraborate and 0.70 g of powdered specimen was fused with the same heating conditions for 1:10 glass beads. 1:2 glass beads. The mixture for 3.0 g of anhydrous lithium tetraborate and 1.5 g of powdered specimen was preheated to 800˚C for 120 s and heated at 1200˚C for 120 s in a Pt crucible. The resulting melt of the mixture was heated with agitation at 1200˚C for 300 s and cooled with the drier. 1:1 glass beads. The mixture for 2.2 g of anhydrous lithium tetraborate, 2.2 g of powdered specimen, and 0.02 -0.04 g of LiCl was preheated at 800˚C for 120 s and heated at 1200˚C for 120 s in a Pt crucible. The resulting melt was heated with agitation at 1200˚C for 120 s and was well cooled with the hair drier even if the rock sample remained solid in the melt. Then, the cooled glass containing those remnants was heated again at 1200˚C for 120 s, heated with agitation at 1200˚C for 300 s, and cooled with the hair drier.
Calibrating standard Major elements. The glass beads with a 1:10 sample-to-flux (dilution ratio) were prepared by adding the reagents containing respective determinants: Na2CO3 for Na2O, MgO, Al2O3, SiO2, Na4P2O7 for Na2O and P2O5, KCl for K2O, CaCO3 for CaO, TiO2, MnO2 for MnO and Fe2O3. Additional amounts of reagents were determined by experimental design to avoid bias in the composition of glass beads. "Dilute glass beads" were applied for adding reagents of less than 10 mg. Six blank samples were prepared using only anhydrous lithium tetraborate. Rb, Sr, Y and Zr. We prepared 13 glass beads with dilution ratios of 1:10 by addition of "dilute glass bead" containing Rb, Sr, Y and Zr, into mixtures of six major elements (Na2CO3 for Na2O, Al2O3, SiO2, KCl for K2O, CaCO3 for CaO and Fe2O3) with approximate composition to rhyolitic and granitic rocks (Table 3) . Six blank samples were prepared only from anhydrous lithium tetraborate. Th and U. Ten glass beads with a 1:2 dilution ratio were prepared by addition of solutions of Th and U with a micropipette, along with the reagents containing respective determinants: Na2CO3 for Na2O, MgO, Al2O3, SiO2, Na4P2O7 for Na2O and P2O5, KCl for K2O, CaCO3 for CaO, TiO2, MnO2 for MnO, Fe2O3, RbCl for Rb, SrCO3 for Sr, Y2O3 for Y and ZrCl2O·8H2O for Zr with approximate composition to rhyolitic and granitic rocks (Table 3) . Six blank samples were prepared without pipetting the solutions of Th and U. Rare earth elements. Ten glass beads with a 1:1 dilution ratio were prepared by addition of the two "dilute glass beads" containing La, Ce and Nd, and Pr, Sm, Gd and Dy, and the reagents containing respective determinants: Na2CO3 for Na2O, MgO, Al2O3, SiO2, Na4P2O7 for Na2O and P2O5, KCl for K2O, CaCO3 for CaO, TiO2, MnO2 for MnO, Fe2O3, RbCl for Rb, SrCO3 for Sr, Y2O3 for Y and ZrCl2O·8H2O for Zr with approximate composition to rhyolitic and granitic rocks (Table  3) . Six blank samples were prepared without rare earth elements.
Results and Discussion
Preparation of low dilution glass beads
When either the sample or flux was insufficiently dehydrated, various problems occurred: glass beads showed a tendency to contain inclusions (some remnant solids); they were easily 817 ANALYTICAL SCIENCES JULY 2005, VOL. 21 Table 2 Drying conditions of reagents   Na2CO3  600  8  RbCl  300  1  MgO  500  2  SrCO3  300  1  Al2O3  500  3  Y2O3  300  1  SiO2  500  3 ZrCl2O·8H2O  210  1  Na4P2O7  500  4  La2O3  800  2  KCl  600  3  CeO2  800  2  CaCO3  500  4  Pr6O11  800  2  TiO2  500  2  Nd2O3  800  2  MnO2  1000  15  Sm2O3  800 broken; sometimes they turned an opaque white color (called devitrification). Further, LiCl used as a hygroscopic exfoliation agent should be dried well and added immediately before fusion to prevent devitrification. Mixing of the sample and flux was a very important procedure to produce a homogeneous glass bead containing no inclusions. Remarkable features of a melt had to be recognized to prevent crescent-shaped or unflat-formed glass beads and to prevent formation of crescent-shaped or uneven surfaces of glass beads caused by different viscosities and cooling speeds resulting from the chemical compositions of the sample and dilution ratio. A favorable glass bead was produced by carefully controlling factors such as mixing and cooling conditions, and the concentration of exfoliation agent.
Twice-repeated fusion of the melt was effective for preparation of 1:1 glass beads containing no inclusions. Preparation of 1:1 glass beads was difficult using single fusion and showed a tendency for the rock sample to remain in the melt and for bubbles to attach to the bottom of the Pt crucible. Removal of bubbles was difficult by manual agitation because the viscosity of the melt increased with cooling of the melt. Fusing for a long period was ineffective for erasing bubbles. Consequently, twice-repeated fusion was applied to resolve these problems. In the second fusion, few pieces of sample remained and bubbles were negligible; the melt was reheated rapidly to a high temperature without preheating due to the absence of volatile components, such as CO2 and H2O. Because of the twice-repeated fusion, all bubbles were erased naturally and solid remains were melted completely. Cooling of glass beads to room temperature after the first heating is an important procedure for melting flat and inclusion-less glass beads.
Loss on fusion and homogeneity test
Ten glass beads of various dilution ratios, 1:1, 1:2, 1:5 and 1:10, were prepared for the Makabe granite. Figure 1 shows the loss on fusion (n = 10), which indicates the degree of weightloss by heating of the glass beads. Variation in the relative Xray intensities of Kα lines of major elements are shown in Fig. 2 for these glass beads along with their respective dilution ratios. The abscissas of Figs. 1 and 2 are the respective values of sample weights divided by the weights of sample and flux mixtures. Loss on fusion increased with the dilution ratio: it reached to 0.6% for 1:1 glass beads. This large loss will probably engender large error for analyzing major elements, but it is negligible for trace elements. Relative fluorescent X-ray intensities grow concomitantly with the increase in the dilution ratio; nevertheless, the rate of the increase was remarkable for light elements. As the dilution ratio decreased, this dull increase depended strongly on absorption effects for P, K, Ca, Ti, Mn and Fe. Consequently, the merits of low dilution glass beads were not so marked for elements that are heavier than Si. A dilution ratio less than 1:1 was not required for major and minor elements because of the difficulties of glass bead preparation.
Relative standard deviations of the X-ray intensities of Kα line (n = 10) of 10 elements were less than 2%.
Homogeneities of the glass beads were tested using elemental mapping of X-ray intensities. Intensity maps of Si Kα and Fe Kα in 1:2, 1:5, and 1:10 glass beads for JR-2 rock reference sample are shown in Fig. 3 . Statistical evaluation of the analytical results was carried out with three-times the standard deviation (3σcal.):
where Iave. represents the average intensity in kcps, and t is the time in seconds. Each X-ray intensity varied slightly and the relative standard deviations (n = 137) of these intensities were 1.7% for Si Kα in 1:2 glass beads (t = 2), 2.2% for Si Kα in 1:5 glass beads (t = 2), 3.2% for Si Kα in 1:10 glass beads (t = 2), 4.1% for Fe Kα in 1:2 glass beads (t = 4), 4.7% for Fe Kα in 1:5 glass beads (t = 4), and 5.5% for Fe Kα in 1:10 glass beads (t = 4). Only one point was greater than the critical values of 137 mapping points for Si Kα in 1:2 glass bead and Fe Kα in 1:5 glass beads, respectively.
Preparation of calibrating glass beads
To produce homogenous glass beads as a calibration standard requires well pre-mixed reagents. The flux was added to a mixture of reagents and fused in a Pt crucible with a highfrequency induction heating and fusing machine. Preparation of glass beads was often unsuccessful when the solidified reagents remained in the mixture because of insufficient mixing of flux and reagents.
The particle size of reagents affected the performance of the glass beads, particularly for the low dilution glass beads. Extremely large particles of SiO2, over 50 µm, were often unable to melt during preparation of 1:10 glass beads. Extremely small SiO2 particles caused large error through loss of reagents: they were blown up by the high-frequency vibration. This study used ca. 30 µm diameter particles of SiO2 for preparation of 1:2 and 1:10 glass beads; about 10 µm of SiO2 was used for 1:1 glass beads.
Calibration curves
Calibration curves that were drawn using the calibrating glass beads are shown in Fig. 4 for ten major elements, in Fig. 5 for Rb, Sr, Y and Zr, in Fig. 6 for Th and U, and in Fig. 7 for seven rare earth elements. Spectral interference 18 occurred on the 818 ANALYTICAL SCIENCES JULY 2005, VOL. 21 three analytical lines, i.e. Rb Kβ against Y Kα, Sr Kβ against Zr Kα, and Ba Lβ against Ce Lα; each was corrected with intensities of Rb Kα, Sr Kα, and Ba Lα. Because Rb Kα (n = 3) was overlapped on Ba Lα, the intensity of Ba Lα was corrected with Rb Kα. The peaks of rare earth elements and of Th and U were buried into the background because these elements were present in small quantities in natural rocks. Longer counting time was used to minimize the background noise, and a Cu filter was used to decrease the background intensities.
Plots of the calibration curves scattered remarkably when elements with weak intensity were measured with a short counting time such as 100 s for Pr or Sm; the correlation coefficient of the calibration curve was below 0.98. Counting times were defined according to the X-ray intensities of respective elements: 1000 s for Pr; 500 s for Sm, Gd and Dy; 200 s for La, Ce and Nd; and 100 s for Th and U. The calibration curves of these trace elements showed good linearity. Furthermore, the correlation coefficient ranged from 0.996 to 1.000. The calibration curves of 10 major elements and 4 minor elements also showed good linearity. The correlation coefficient ranged from 0.999 to 1.000.
A copper filter notably decreased the intensities of continuous X-rays of Rh and lowered the intensities of characteristic X-819 ANALYTICAL SCIENCES JULY 2005, VOL. 21 rays. Consequently, this filter was not available for use with rare earth elements because of these weak intensities. Using the Cu filter, we examined Th and U, whose peaks were located on the precipitous slope of the continuous X-rays of Rh, for improvement of these detection limits. As a result, limits of detection of Th and U were decreased about 0.5 times. Moreover, the absolute intensities of Th and U were decreased about 0.3 times. The apparent sensitivities were improved, but the reliability of analytical results worsened because of the smaller counting values. Therefore, the Cu filter was not used in this study to obtain results that are more reliable.
Lower limits of detection corresponding to three times the standard deviation (n = 6) for blank measurements were 26 mass ppm for Na2O, 6.7 for MgO, 4.5 for Al2O3, 4.5 for SiO2, 18 for P2O5, 1.1 for K2O, 4.0 for CaO, 3.9 for TiO2, 1.6 for MnO, 0.8 for Fe2O3, 0.5 for Rb, 0.2 for Sr, 0.4 for Y, 0.5 for Zr, 3.3 for La, 6.5 for Ce, 2.7 for Pr, 2.1 for Nd, 1.7 for Sm, 0.7 for Gd, 2.7 for Dy, 0.5 for Th, and 0.6 for U.
Major and trace elements in three rock reference samples issued by the Geological Survey of Japan, JG-1a (granodiolite), JR-2 (rhyolite) and JR-3 (rhyolite), were determined using the present method to confirm the certainty of these analytical results of 23 elements in rocks. Analytical results of 23 elements determined using this method are shown in Table 4 . Five glass beads for 1:10 of dilution ratio containing rock reference sample were prepared. One glass bead each for 1:1 and 1:2 dilution ratios was prepared and measured five times. Analytical results by the present method agreed well with the recommended value; 18, 19 hence these calibration curves were usable for determination of 23 elements in rhyolitic and granitic rocks.
Applications
Analytical results of 23 elements in four rhyolitic and granitic rocks are given in Table 5 . Five glass beads of three different dilution ratios were prepared.
Calibrations on each measurement were performed using suites of standard glass beads. Trace elements, such as rare earth elements, Th and U, in natural rocks (rhyolite and granite) were determined using the present method. 
